ABSTRACT: Background: The International Parkinson and Movement Disorder Society criteria for mild cognitive impairment in PD were recently formulated. Objectives: The aim of this international study was to evaluate the predictive validity of the comprehensive (level II) version of these criteria by assessment of their contribution to the hazard of PD dementia. Methods: Individual patient data were selected from four separate studies on cognition in PD that provided information on demographics, motor examination, depression, neuropsychological examination suitable for application of level II criteria, and longitudinal follow-up for conversion to dementia. Survival analysis evaluated the predictive value of level II criteria for cognitive decline toward dementia as expressed by the relative hazard of dementia. Results: A total of 467 patients were included. The analyses showed a clear contribution of impairment according to level II mild cognitive impairment criteria, age, and severity of PD motor symptoms to the hazard of dementia. There was a trend of increasing hazard of dementia with declining neuropsychological performance. Conclusions: This is the first large international study evaluating the predictive validity of level II mild cognitive impairment criteria for PD. The results showed a clear and unique contribution of classification according to level II criteria to the hazard of PD dementia. This finding supports their predictive validity and shows that they contribute important new information on the hazard of dementia, beyond known demographic and PD-specific factors of influence. V C 2017 International Parkinson and Movement Disorder Society
Cognitive deficits have been increasingly recognized as important manifestations of Parkinson's disease (PD). Two important landmarks in this process were the formulation of clinical criteria for Parkinson's disease dementia (PDD) 1 and, more recently, clinical criteria for Parkinson's Disease with Mild Cognitive Impairment (PD-MCI). 2 The International Parkinson and Movement Disorder Society (MDS) PD-MCI Validation Study Group was initiated to validate the PD-MCI criteria, starting with the evaluation of their prognostic value for the development of PDD. 3 The underlying rationale is that mild cognitive impairment in PD may be regarded as a stage between normal cognition and PDD, that is, as "cognitive decline that is not normal for age, but with essentially normal functional activities." 4 Previous research shows that cognitive decline in PD is frequent, 5, 6 can start early in the disease, [7] [8] [9] and has a heterogeneous presentation. 10 Some patients rapidly decline toward PDD, and others have extended periods of cognitive health, or only minimal impairment. Whereas the ability to identify patients with a high risk of rapid cognitive decline is of distinct importance for both clinical care and intervention trials, there is a pressing lack of validated markers. PD-MCI is a possible clinical marker and can be assessed in an abbreviated (level I) or comprehensive (level II) manner according to the MDS PD-MCI diagnostic criteria. 2 We conducted a large international study of longitudinal individual patient data to evaluate whether level II PD-MCI criteria are a prognostic indicator of cognitive decline to dementia.
Materials and Methods

Data Inclusion
The formation of the MDS PD-MCI Validation Group has been described earlier. 3 Members contributed individual patient data from either ongoing or completed studies in PD. Studies were eligible if they met the following inclusion criteria: (1) longitudinal data with at least 75 patients at first measurement and at least 67% participation on at least one subsequent visit (as a quality check); (2) known PDD status at follow-up; and (3) neuropsychological and disease data to which the level II PD-MCI criteria could be applied. The latter required data from studies with standardized neuropsychological testing by qualified personnel that included at least two tests per each of five cognitive domains (i.e., attention/working memory, executive function, language, memory, and visuospatial function) and a measure of gradual cognitive decline (a subjective measure provided by either the patient, informant, or clinician).
All available demographic and clinical data were retrieved, including information on age, sex, years of education, PD duration, global cognitive measures, neuropsychological test scores, either UPDRS part III 11 or MDS UPDRS-III, 12 Hoehn and Yahr scores, 13 Mini-Mental State Exam (MMSE) scores, 14 and depression. Within included studies, patients with disease duration of more than 25 years since PD symptom onset at first measurement were excluded to enhance uniformity of the data. Patients were also excluded when they had PDD at first measurement. The method used to diagnose PDD was allowed to differ across sites and is described below and in Table 1 . The same holds for indicators of depression.
Application of the PD-MCI Criteria
Level II PD-MCI criteria have been described by Litvan and colleagues. 2 The two major requirements are impairment on comprehensive formal neuropsychological testing and gradual cognitive decline, while not fulfilling PDD criteria.
Impairment on Formal Neuropsychological Testing
Two tests per cognitive domain were selected in each study database to enhance comparability between studies in application of the level II PD-MCI criteria. The selection was based on the expert consensus of experienced neuropsychologists from all participating centers in the MDS PD-MCI study group. Neuropsychological performance on the resulting 10 tests per subject was interpreted against published norms where available. Otherwise, normative scores were derived from a local control sample using multiple regression techniques correcting for the effects of age, sex, and education. Impairment was rated crossing cutoffs of -1 standard deviation (SD), -1.5 SD, and -2 SD from the mean for at least two tests. Patients that did not cross the -1 SD level for at least two tests were labeled as "no neuropsychological impairment." Note that patients were classified according to their lowest pair of test performances and could only belong to one of the four groups.
Cognitive Decline and Functional Independence
Cognitive decline reported by the patient, caregiver, and/or clinician is required for PD-MCI. Because the criteria do not specify a method to determine this, there were no restrictions on the methods used to assess gradual cognitive decline. Although functional independence is included in the PD-MCI criteria to rule out PDD, because we had already excluded PDD patients, we did not include additional measures of functional independence in the application of the PD-MCI criteria.
PD-MCI: Levels of Impairment and Its Subtypes
When patients had signs of cognitive decline and impairment on two neuropsychological tests, they were categorized as level II PD-MCI and classified according to the severity of their impairment as based on different cut-off scores for determining impairment. This resulted in four cognitive status groups: one without cognitive impairment and three PD-MCI groups with increasing levels of impairment (PD-MCI according to -1, -1.5, and -2 SD). Furthermore, the PD-MCI patients were classified according to their cognitive domain of impairment when only one domain was affected (single-domain PD-MCI) and classified as multidomain PD-MCI if the impaired tests covered multiple domains.
Statistical Analysis
Imputation
Because 10 neuropsychological tests and a subjective measure of gradual cognitive decline were all needed to apply the PD-MCI scoring, we anticipated the need for an imputation method. Multiple imputation (MI) is the method of choice for complex incomplete data problems. 15 Advantages are that MI can use the relations between the observed measures and preserve them in the imputations, and that it takes uncertainty with regard to the missing data into account. 16 The R statistical software 17 provides a flexible approach to multiple imputation in the mice package. 15 Twenty imputations were created within the original studies using predictive mean matching, and all variables to be evaluated in further analyses were included in the imputation model; an exception was made for derived variables, which were computed based on the (imputed) underlying variables (i.e., individual neuropsychological tests were imputed, not the cognitive status group classification), and for the time to event, which was replaced by the Nelson Aalen estimate of the cumulative baseline hazard as is best practice.
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All analyses were performed on the imputed data and were pooled using Rubin's rules, 19 unless stated otherwise. In short, Rubin's rules are used to derive one overall estimate and variance from the multiple imputations while accounting for both the within and between imputation variability.
Survival Analysis
We used a Cox proportional hazards model with counting process formulation as implemented in the R survival package 20, 21 and rms package. 22 The event of interest was the development of PDD. The time of PD symptom onset was used as the start time; the time from PD symptom onset to PDD or censoring as the follow-up time. Onset of PDD was estimated to be halfway between the actual observation of PDD and the observation preceding that moment, given that the exact time of onset is unknown. Individuals not developing PDD were censored at their last visit. Use of duration since symptom onset as the principal time axis 
allowed for correction for left truncation, which refers to the situation where patients were already at risk of PDD before they were included in the study (as in prevalence cohorts). While this was necessary because of the structure of the data, it precluded estimation of the effect of disease duration. Included predictors were age, sex, years of education, UPDRS-III, an indicator of depression, and the four categories of cognitive status at first measurement. No cognitive impairment was used as the reference group for the latter. The rate of PDD was allowed to differ between the original studies by use of study site as a stratum variable. Possible nonlinearity was examined using restricted cubic splines with four knots for all continuous predictors. Proportionality was assessed globally and, if necessary, per covariate by testing for a difference from zero of the correlation coefficient between Kaplan-Meier transformed survival time and the scaled Schoenfeld residuals. The scaled Schoenfeld residuals were inspected visually to detect nonlinear patterns possibly invalidating this test. The C statistic was used to quantify predictive value and is defined as the proportion of all possible patient pairs for whom the ordering of observed and predicted survival times is concordant. A bootstrapping approach using 200 samples was used to estimate slope shrinkage and corrected Nagelkerke R 2 as suggested in Harrell and colleagues. 23 For the C statistics, slope shrinkage, and Nagelkerke R 2 estimates, their median over imputations was obtained because Rubin's rules do not apply to their distributions.
Results
Data Inclusion
Twenty-three validation study group sites contributed individual patient data from 24 studies. Figure 1 schematically displays the inclusion process. A total of 467 patients from four large longitudinal cohort studies fulfilled the inclusion criteria. These studies will be referred to as the AZSAND cohort, the CARPA cohort, 7 the NZBRI cohort, 24 and the Toronto cohort. 25 The AZSAND cohort is part of the Arizona Study of Aging and Neurodegenerative Disease. 26 Cohort details are summarized in Table 1 . Both open and closed cohorts and both incident and prevalent cohorts were followed. Follow-up length, frequency, and intervals differed between the studies. PD was diagnosed according to standard criteria. 32, 33 Neuropsychological scores in the CARPA, NZBRI, and Toronto cohorts were adjusted for age, education, and/or sex, where applicable, based on published norms. In the AZSAND cohort, normative scores were 
derived from a sample of 708 non-PD community volunteers. All anticipated demographic and clinical information was available in all four centers except for the H & Y scores. Either UPDRS-III 11 or MDS UPDRS-III 12 was used to assess motor function, and comparable scores on the scale of the UPDRS-III were derived using conversion guidelines. 34 These will further be referred to as UPDRS-III* to reflect the mixed nature. Patients in the ASZAND cohort were mostly assessed in practically defined off state, whereas the others were mostly assessed in on state. Furthermore, PDD classification differed across centers. MDS PDD criteria 1 were used in the NZBRI, Toronto, and AZSAND cohorts, with additional use of Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria 35 in the latter. The CARPA study used an MMSE 14 cutoff as used in the Dubois screening criteria 36 (<26) in combination with the cognitive items of the Functional Independence Measures (FIM) 37 (1 item with a score 5), or an MMSE score below 21 regardless of functional impairment. The available information on depression differed across centers as well, as indicated in Table 1 . These measures were all summarized to either indicate presence of absence of depression to enable shared analyses using all available data. Detailed information on the neuropsychological examinations is available Table 2 .
Missing Values
The percentage of missing values in age, sex, years of education, and PD symptom duration ranged from 0% to 1%. Gradual cognitive decline had 2% missing values, the UPDRS-III* 6%, and indicators of depression were missing in 9%. One percent had a missing attention test, versus 2% for visuospatial and executive function respectively, 10% for memory, and 16% for language. PD-MCI depends on multiple measures and was missing in 22%. Because only a small portion of the neuropsychological tests is missing and their mutual relations are strong, the conditions are such that multiple imputation is expected to perform well.
Individual Patient Data Descriptives
Descriptive statistics are shown in Table 3 . Included patients (n 5 467) had a mean age of 69 years, male predominance (63%), a median duration since PD symptom onset of 4 years, and a median UPDRS-III* score of 20. Fifteen percent had a positive indicator for depression. Forty percent of the patients had neuropsychological impairment, roughly equally divided over the PD-MCI groups. Regarding PD-MCI subtypes, the majority of patients (92%) had multidomain impairment. The other 8% were scattered over the single domains. To provide an overview of the available data over time, Supporting Figure 1 shows the distribution of observation periods. Table 3 shows that 69 patients developed PDD during follow-up (14.3%). Only 6.4% of patients without any cognitive impairment at first measurement developed PDD, progressively increasing to 50.0% of the PD-MCI group fulfilling the -2 SD cutoff on first neuropsychological evaluation. Further examination of the involvement of individual cognitive domains in PD-MCI classification revealed that each of the five domains was commonly impaired and that their association with conversion to PDD was heterogeneous. Details are provided in Supporting Table 1 .
Note that in this section on descriptive statistics, important characteristics of the data, among which 
the inter-relation between covariates, left truncation, and censoring, cannot be taken into account. However, the survival analyses reported in the following section take these aspects into account.
Survival Analyses
A Cox model including all covariates and stratified by the study sites met the proportionality assumption (chi-square, 11.55; df, 8; P value, 0.17). Therefore, the covariate effects did not significantly change over time since PD symptom onset. Furthermore, all nonlinear terms were not significant (chi-square, 10.90; df, 6; P value, 0.09) and left out of the model. The results for the final model are shown in Table 4 and Supporting Figure 2 . The hazard of PDD was higher with increasing age and UPDRS-III* score. Sex, years of education, and the indicator of depression had no significant effect. PD-MCI below the -1.5 SD cutoff clearly raised the hazard of PDD.
As a measure of the predictive value of the survival model, the median observed C statistic was 0.85, which means that in 85% of the possible paired patient comparisons, prediction and outcome are concordant. (i.e., the predicted time to event was shorter for the one first developing PDD). The median bootstrap corrected Nagelkerke R 2 was 0.28.
The median slope shrinkage estimate was 0.86, indicating that an estimated 14% of the model fit was due to overfitting. To increase insight into the relative contribution of the individual predictors to the hazard of PDD, bootstrap corrected R 2 values were derived for different submodels. A model stratified on study site and including only age explained 10.3% of the variance. Adding sex, years of education, UPDRS*, and an indicator of depression increased this to 12.4%. PD-MCI bridges the gap to 28.0%. Age and PD-MCI therefore clearly have the largest contribution.
Discussion
We found level II MDS PD-MCI to be clearly related to the hazard of PDD after controlling for demographic characteristics, severity of PD, and indicators of depression. This constitutes a new contribution to the PD-MCI literature, adds to the validation process of the level II MDS PD-MCI criteria, and thereby supports their application. In more detail, the analyses showed an increase in hazard with decreasing performance on neuropsychological examination, while correcting for possible confounders. This can be interpreted as a relative increase in the rate of IQR, interquartile range.
conversion to PDD. The results indicated that this relative difference was constant over time, that is, the relative difference between cognitively healthy patients and PD-MCI patients at each consecutive time point since symptom onset was the same. As an example, the relative hazard to develop PDD for patients in the -1.5 to -2 SD group was, at any time since PD symptom onset, estimated to be approximately 3.5 times higher than for the cognitively healthy patients. This effect is comparable to the effect of an age difference of approximately 14 years or an increase in UPDRS-III* score of 37 points. The increase in hazard with increasing age and increasing PD severity is consistent with literature reviews by Aarsland and Kurtz 38 and Litvan and colleagues. 4 Furthermore, the pattern of increase in hazard with each successive degree of neuropsychological impairment gives new insight into the use of cutoffs for the level II criteria when predicting PDD. Namely, a selection of one cutoff loses important information, due to grouping of patients with a different hazard of PDD. While the ease of use of one cutoff is evident, the current study was able to show that progressive impairment keeps adding to the hazard of PDD. This is in line with the view of mild cognitive impairment as a stage on the continuum between normal cognition and PDD. Regarding clinical relevance, the view of the MDS PD-MCI validation study group is that impairment beyond the -1.5 SD cutoff represents clinically meaningful decline. The -1.5 to -2 SD group, with an estimated 3.5 times increase in the hazard of PDD when compared to the normal cognition group, is also deemed to be sufficiently far from the development of PDD to be a meaningful subgroup. These patients could, for instance, be an interesting subpopulation for medication trials aiming to halt progression of cognitive decline.
Concerning the PD-MCI subclassification in singleand multidomain impairment, the groups of singledomain impairment were too small to provide useful statistical inference. Only 8% had single-domain impairment, without any meaningful pattern over the five cognitive domains. This is in agreement with an earlier study on the level II PD-MCI criteria in an individual PD cohort. 39 These findings may reflect widespread cognitive deficits or lack of sufficient specificity among current cognitive test measures, or could result from a bias toward multiple domain impairment in the MDS PD-MCI criteria.
There are several strengths in the current study. First, the predictive effect of level II PD-MCI was assessed over an extensive follow-up period. Second, it is the first study to uniformly apply the level II PD-MCI criteria in a varied and large international sample of PD patients. As specifically allowed in the MDS PD-MCI criteria, patients were examined with a variety of instruments reflecting the variability that exists across different international centers. Furthermore, a broad spectrum of disease duration was available with first assessments on patients ranging from 0 to 23 years since PD symptom onset. Under these heterogeneous circumstances, level II PD-MCI strongly contributed to the hazard of PDD. A downside to the approach favoring external validity is the limited comparability of the used measurement instruments. Each study followed their own local procedures, and this resulted in a variety of applied measures, with little overlap. This precluded evaluation of the prognostic value of individual measures in the aggregated data, and it necessitated expert consensus-based selection from the available measures to rate PD-MCI. The difference in study designs also impeded easy interpretation of the PD-MCI prevalence values and resulted in different operationalizations of conversion to PDD. Future prospective, large-scale studies could be designed with these issues in mind.
A limitation of the study is the small number of conversions to PDD and the limited number of studies, which impeded analyses of possibly important interaction effects, interstudy variability, and the derivation of time to PDD conversion estimates for possible clinically meaningful subgroups. Consequently, it precludes direct generalization of the results to the individual patient level, given that this should take the between center variability into account. Furthermore, the effect of duration since symptom onset could not be estimated, because it The overall model chi-square (df, 8) was 97.5 (P < 0.005). The reference categories were female and no cognitive impairment. For continuous variables, hazard ratios are expressed per unit difference on their scale of measurement (years and UPDRS-III* points respectively). HR, hazard ratio; SE, standard error of b; 95% CI, 95% confidence interval for b.
was needed as the time axis to correct for the lefttruncated structure of the data relating to the inclusion of prevalence cohorts. A further limitation is the possibility of informative censoring, also known as attrition bias. In any longitudinal cohort study design, patients returning for follow-up assessments may differ from those who do not (e.g., depending on patient health and its relation to the incentive to participate). Informative censoring denotes the situation where leaving the study is not independent of the study outcome. In the current setting, lacking information on mortality as a potentially important competing risk renders the analyses prone to violation of the assumption of noninformative censoring. In other words, when mortality and PDD share a biological cause, censoring because of mortality is informative of the hazard of PDD. Unfortunately, the current data cannot be used to estimate this possible influence and there is no research on this relation in PD. Informative censoring in general illustrates a challenge of longitudinal studies in an advancing neurodegenerative disorder and cautions that study samples may be less representative over time, leading to biased estimates.* Our results represent a basic validation of level II MDS PD-MCI as a risk factor for PDD, but are not exhaustive, given the multiple ways that level II MDS PD-MCI criteria can be applied. The available data directed the focus to detection of cognitive impairment by means of normative neuropsychological test scores. However, the criteria can also be fulfilled by decline on serial cognitive testing or decline from premorbid level. While these options are specifically mentioned in the criteria, their operationalization is not yet clearly defined. In general, the multitude of available options in application of the PD-MCI criteria achieves a greater flexibility for their use, but that can also be a potential limitation. Differences in allowed measures, cut-off scores, and definitions of impairments should lead to caution when comparing different applications of the criteria. We recommend that future research further operationalizes the PD-MCI criteria across diverse populations. 
------------------------------------------------------------
*Unless the informative censoring is a competing risk that can be analyzed as such.
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